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Allen,[2] Paul Zimmerman, [1] Malika Jeffries-El,[2,3] Theodore Goodson III [1,*] 
[1] Department of Chemistry, University of Michigan, Ann Arbor, MI 48109, United States. 
[2] Department of Chemistry and Division of Materials Science, Boston University, Boston, MA 
02215, United States. 
[3] Department of Chemistry, Iowa State University, Ames, Iowa 50011, United States. 
 
ABSTRACT 
The photophysical and electronic properties of four novel conjugated donor polymers were 
investigated to understand the influence of heteroatoms (based on the first two member 
chalcogens) in the polymer backbone. The sidechains were varied as well to evaluate the effect 
of polymer solubility on the photophysical properties. The donor-acceptor polymer structure is 
based on naptho [1,2-b:5,6-bʹ] difuran (NDF) as the donor moiety, and either 3,6-di (furan-2-yl) - 
1,4 diketopyrrolo [3,4-c] pyrrole (F-DPP) or 3,6-di (thiophen-2-yl) - 1,4 diketopyrrolo [3,4-c] 
pyrrole (T-DPP) as the acceptor moiety. Steady state absorption studies showed that the 
polymers with furan moiety in the backbone displayed a favorable tendency of capturing more 
solar photons when used in a photovoltaic device. This is observed experimentally by the higher 
extinction coefficient in the visible and near-infrared region of these polymers relative to their 
thiophene counterparts. The excitonic lifetimes were monitored using ultrafast dynamics, and the 
results obtained show that the type of heteroatom π-linker used in the backbone affects the decay 
dynamics. Futhermore, the side chain also plays a subtle role in determining the fluorescence 
decay time. Quantum chemical simulations were performed to describe the absorption/emission 
energies and transition characters. Two-photon absorption cross-sections (TPA-δ) were analyzed 
with the simulations, illustrating the planarity of the backbone in relation to its torsional angles. 
Page 1 of 43
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
2 
 
Due to the planarity in the molecular backbone, the polymer with the furan π-linker showed a 
higher TPA-δ relative to its thiophene counterpart. This suggest that the furan compound will 
display higher charge transfer (CT) tendencies in comparison to their thiophene analogues. 
Pump-probe transient absorption technique was employed to probe the non-emissive states 
(including the CT state) of the polymers, and unique activities were captured at 500nm and 
750nm for all the studied compounds. Target and global analyses were performed to understand 
the dynamics of each peak, and deduce the number of components responsible for the transient 
behavior observed respectively. The results obtained suggest that furan π-linker component of a 
donor and acceptor moiety in a conjugated polymer might be a more suitable candidate 
compared to its more popular chalcogenic counterpart – thiophene for use as donor materials in 
bulk heterojunction photovoltaic devices. 
 
1. INTRODUCTION 
Conjugated polymers (CPs) have been shown to be useful materials for efficient solar cell 
(photovoltaic) applications1–13. In recent years, there have been many efforts not only to provide 
important device parameters regarding the use of organic polymers but to also probe the many 
structure-function relationships in the entire organic photovoltaic system. As a result of the many 
lessons learned by the field of organic electronics regarding the optical and electronic properties 
of these materials there have been a few CPs that have stood out in terms of their efficiency. 
There have been several structure-function studies of organic devices in terms of the structure of 
the polymer and fundamental parameters of the working device such as the fill factor (FF), turn 
on voltage and mobility in addition to the power conversion efficiency (PCE) of the solar 
cell7,9,14–16.  Other structure-function relationships look more inward and probe the molecular 
attributes of the polymers in order to provide insight in to the physical-chemical properties which 
ultimately dictate their device behavior 17,18. While the early investigations of the molecular 
approach seemed to focus on discovering new molecular building blocks or polymer topologies, 
in more recent reports the effect of altering similar structures chemically but remaining with a 
basic structural framework has been investigated.   
 
The PTB7 19–21 and PTB7-Th donor polymers have been widely studied and as a result there is  
detailed information regarding structure-function relationships within these polymers and  
efficiencies as high as >10% have been reported1,22. However, there remains some particular 
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questions regarding the mechanism (electronic, charge related, photon or energy transfer) of the 
photovoltaic effect in this system.  Other derivatives of PTB7 have been created and the suitable 
functionality has enabled the critical structure-function analysis of the system both at the 
molecular level as well as in terms of the device properties2,3,7–9,12,17,23. For example, adding 
electronegative fluorine substituents to the backbone of the donor-conjugated polymer has 
become a popular and effective strategy for improving the PCE of polymer solar cells. 
Concurrently, there has been interest in probing the heteroatom effect on the PCE as well as 
electronic (molecular) properties of the system. One of the heteroatom effects investigated in 
recent years is the comparison between thiophenes and furans within the backbone of conjugated 
polymers.  In review of the literature, it can be seen that the majority of conjugated polymers are 
based on thiophene derivatives relative to furan due to its relative instability in oxidative 
conditions14,23,24. However, furan's intrinsic chemical properties (reduced aromaticity, smaller 
size, increased electron richness) have motivated researchers to begin exploring its use in 
conjugated electronic materials. It is now well accepted that furan derivatives are very promising 
alternatives due to their smaller heteroatom size, more stable HOMO level, and larger dipole 
moment. It has also been reported that conjugated polymers with furan units show a higher 
degree of conjugation with reduced twisting between adjacent units, smaller π-stacking distance, 
and improved solubility7,12,14. Indeed these are important structural parameters.  
 
To date, there have been only a few detailed reports comparing the structure-function 
relationships of thiophene- and furan-based CPs using laser spectroscopic techniques21,25,26. In 
one report, the photophysical properties of four polymers based on benzo[1,2-b:4,5-b′]difuran 
(BDF) donor moiety and diketopyrrolopyrrole (DPP) acceptor moiety (flanked by either furan or 
thiophene spacers) was investigated26. It was found that while the absorption spectra of these 
polymers generally look similar and span the 300-900nm region, the thiophene system has a 
slightly red-shifted shoulder peak. Additionally, the fluorescence lifetime decay profile shows 
that the furan-containing polymers have a longer fluorescence lifetime decay profile for the 
contribution from the donor in comparison to the thiophene systems, but there is no difference in 
the fluorescence lifetime decay profile of the acceptor. Futhermore, the two-photon absorption 
cross-section (a measure of charge transfer) of the furan polymers is an order of magnitude than 
the thiophene polymers, and it was also suggested that the π- π stacking properties of the furan 
polymers are much better than that formed for the thiophene polymers. It is known that the furan 
polymers have greater solubility relative to the thiophene polymers, but the solubility of these 
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polymers is also effected by the side-chains.  A comparison of the bulky (2-ethylhexyl) 
sidechains vs the linear (tetradecyl) sidechain, showed that the polymers with the 2-ethylhexyl 
sidechains have better solubility than the polymers with the linear tetradecyl carbons sidechains, 
and those with the 2-ethylhexyl side chain had a longer fluorescence lifetime decay profile in 
comparison with the linear tetradecyl carbon sidechain polymers analog.  In addition to these 
conclusions, it was also found that π-π stacking properties of the linear tetradecyl sidechain 
polymers are much better than those for the 2-ethylhexyl sidechain polymers under the context of 
the heteroatom comparison of thiophenes vs furans.  There have also been reports regarding the 
change in carrier mobility of conjugated polymer films when one considers the heteroatom effect 
of substituting a furan for a thiophene18,27. In these reports, X-ray diffraction measurements 
revealed that when a dithiophene core was replaced by a difuran, the molecular packing was 
largely maintained, while the resulting difference in charge transport was substantial; substituting 
dithiophene with difuran results in more than one order of magnitude increase in hole mobility 
with a loss in electron mobility.  This was surprising as it suggested that a molecular structure-
function relationship (not a macroscopic or packing discussion) had a major impact on 
macroscopic properties of electron and hole mobility.  Interestingly, electronic structure 
calculations found that the reorganization energies of dithiophene are noticeably higher than 
those of difuran due to the non-planarity of dithiophene. Molecular dynamic simulations have 
shown that the disordered hole mobility predictions are in good agreement with the experimental 
measurements, for which the thiophene to furan substitution results in an increase in hole 
mobility.  These previous results mentioned above suggest a great deal of interest in the furan-
thiophene approach for heteroatom affect as well as substitution, and that further detailed 
structure-function relationships are necessary in order to fully characterize these interesting 
systems. 
In this paper we investigate the effect of conjugation length on the heteroatom effect in 
photovoltaic polymers with thiophene and furan units serving as a linker between naptho [1,2-
b:5,6-bʹ] difuran (NDF) moiety and a diketopyrrolopyrrole (DPP) moiety. Two different side 
chains, ethylhexyl (EH) and dodecyl were also investigated. The novel synthesis and 
characterization of the four polymers is provided. Optical measurements of both steady state 
absorption and emission as well time-resolved fluorescence and absorption were carried to probe 
the variation in electronic and energy dynamics in these novel polymers.  Electronic structure 
calculations as well as measurements of the efficiencies of cells used with these polymer are also 
provided in order to correlate with the optical measurements and to focus the discussion 
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regarding conjugation, solubility, stability as well as charge transfer between the polymers 
investigated. 
 
2. EXPERIMENTAL SECTION 
2.1.  Synthesis and Characterization 
All reactions were carried out under ambient temperature (18-25°C) and pressure unless 
otherwise specified. Solvents for Pd-catalyzed reactions were deoxygenated prior to reaction by 
bubbling Ar through the solvent for 30 minutes. 2-dodecanone was purchased from Alfa Aesar; 
trans-Bis(acetato)bis[o-(di-o-tolylphosphino)benzyl]dipalladium(II) was purchased from Strem 
Chemicals. All other chemicals were purchased from Sigma-Aldrich and were used without 
further purification unless otherwise specified. Bromododecan-2-one2, 3,6-bisfuryl-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione28, 3,6-bisfuryl-2,5-bis(dodecyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione29, 3,6-bisthienyl-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione28, and 3,6-bisthienyl-2,5-bis(dodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione29 were synthesized according to previously published procedures. Nuclear magnetic 
resonance (NMR) spectra were obtained in CDCl3 and recorded at 400MHz (1H) using an 
Agilent 400 MHz VNMRS. 1H NMR were internally referenced to the residual protonated 
solvent peak, and the 13C NMR were referenced to the central carbon peak of the solvent. In all 
spectra, chemical shifts are given in δ relative to the solvent. Gel permeation chromatography 
(GPC) measurements were performed on a Shimadzu LC-20A system with a UV-Vis detector. 
Analyses were conducted at 35°C using chloroform as the eluent at a flow rate of 1.0 mL/min. 
Calibration was based on polystyrene standards. 
 
General procedure for the synthesis of copolymers. To a 15mL round bottomed flask was 
added naphthodifuran –1 (1.0 equiv.), diketopyrrolopyrrole 2 (1.0 equiv.) and dry, deoxygenated 
N,N-dimethylacetamide (DMAC, 3 mL). The reaction vessel was allowed to build an 
atmosphere of Ar, after which pivalic acid (1.0 equiv), Tri-tert-butylphosphonium 
tetrafluoroborate (0.1 equiv.), cesium carbonate (2.5 equiv.), and Herrmann-Beller catalyst (0.05 
equiv.) were added in one portion and the reaction was heated to 160°C for 3-4 days. The 
reaction mixture was cooled to ambient temperature and precipitated into cold methanol 
followed by filtration through a cellulose thimble. The polymers were purified via Soxhlet 
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extraction by rinsing with acetone, hexanes, and chloroform. The final product was obtained by 
removal of solvent from the chloroform fraction and drying under vacuum.  
Synthesis of NDF-F-C12DPP (P1). Following the general polymerization conditions using 2,7 
dibromo 1,6 didecylnaphtho [1,2 b:5,6 bʹ] difuran (171 mg, 0.25 mmol) and F-C12DPP (154 mg, 
0.25 mmol) using a reaction time of 3 days yielded a dark blue-black solid (97 mg, 63%).1H 
NMR; CDCl3 0.87 (12H, b), 1.25 (72H, b), 3.02 (4H, b), 7.75 (4H, b), 8.20 (4H, b) GPC (CHCl3, 
35oC): Mn = 38.4 kDa. Mw = 45.7 kDa. PDI = 1.19. 
Synthesis of NDF-F-EHDPP (P2). Following the general polymerization conditions using 2,7 
dibromo 1,6 didecylnaphtho [1,2 b:5,6 bʹ] difuran  (269 mg, 0.41 mmol) and F-EHDPP (196 mg, 
0.40 mmol) using a reaction time of 3 days yielded a dark blue-black solid (172 mg, 59%). 1H 
NMR; CDCl3 0.87 (18H, b), 1.25 (50H, b), 2.75 (4H, b), 4.08 (4H, b) 6.82 (2H, b) 7.71 (2H, b), 
8.14 (2H, b), 8.61 (2H, b) GPC (CHCl3, 35oC): Mn = 38.6 kDa. Mw = 47.9 kDa. PDI = 1.23. 
Synthesis of NDF-T-C12DPP (P3). Following the general polymerization conditions using 2,7 
dibromo 1,6 didecylnaphtho [1,2 b:5,6 bʹ] difuran  (171 mg, 0.26 mmol) and T- C12DPP (145 
mg, 0.26 mmol) using a reaction time of 3 days yielded a dark blue-black solid (114mg, 68%). 
1H NMR; CDCl3 0.87 (12H, b), 1.25 (68H, b), 3.02 (4H, b), 4.00 (4H, b),7.32 – 7.71 (4H, b), 
7.85 (2H, b), 9.01 – 9.21 (4H, b) GPC (CHCl3, 35oC): Mn = 39.7 kDa. Mw = 52.4 kDa. PDI = 
1.32. 
Synthesis of NDF-T-EHDPP (P4). Following the general polymerization conditions using 2,7 
dibromo 1,6 didecylnaphtho [1,2 b:5,6 bʹ] difuran  (160 mg, 0.24 mmol) and T-EHDPP (130 mg, 
0.26 mmol) using a reaction time of 3 days yielded a dark blue-black solid (102 mg, 65%). 1H 
NMR; CDCl3 0.87 (18H, b), 1.25 (50H, b), 2.80 (4H, b), 4.04 (4H, b), 7.39 – 8.28 (8H, b) GPC 
(CHCl3, 35oC): Mn = 44.6 kDa. Mw = 57.7 kDa. PDI = 1.29. 
2.2.  Electrochemistry 
Cyclic voltammetry was performed using a potentiostat with a scanning rate of 100 mV/s. The 
polymer solutions were drop-cast on a glassy carbon electrode from chloroform and Ag/Ag+ was 
used as the reference electrode. The reported values are referenced to Fc/Fc+ (-5.1 vs vacuum). 
All electrochemistry experiments were performed in degassed CH3CN under an Ar atmosphere 
using 0.1 M tetrabutylammonium hexafluorophosphate as the electrolyte. 
2.3.  Steady-state Measurements 
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The absorption spectra was obtained using an Agilent 8432 UV-Visible absorption 
spectrophotometer at room temperature. The device was referenced with a spectrophotometric-
grade chloroform (CHCl3), and 1cm quartz cuvettes were used with a concentration range 
between 3.08E-7 M and 3.26E-6 M for the samples. The molar absorptivity was obtained by 
varying the concentrations of a sample and noting the absorbance at each concentration, after 
which a linear plot is obtained whose slope is the product of the cuvette length and the molar 
extinction coefficient according to Beer and Lambert’s law. The emission spectra for all four 
polymers was obtained using a Horiba Fluoromax-2 spectrofluorometer with slits set at 3.5 nm, 
also operated at room temperature with the help of a chiller. Spectra correction owing to the 
decrease in the PMT’s quantum efficiency in the 630 – 900 nm region wasn’t accounted for, 
however the same spectra is expected, only slightly higher in intensity around that region. The 
fluorescence quantum yield (ΦF) of the samples was determined by a comparison method30–32 
using two standards – zinc phthalocyanine (ZnPc) in pyridine and CCl4 (ΦF = 0.3), and 
rhodamine-b in ethanol (ΦF = 0.7) - cross-referenced with each other, and using 400nm 
excitation wavelength. The ΦF calculation was performed using the second band of the 
fluorescence spectra, which overlapped with the ZnPc standard emission spectra. In the 
determination of the ΦF, owing to the fast rate of photo-degradation of the samples, the 
absorption spectra were taken right before and after the fluorescence measurements.   
2.4.  Two-Photon Excited Fluorescence (TPEF) Measurements 
In order to determine the two-photon absorption cross-section (TPA-δ), the two-photon excited 
fluorescence (TPEF) method as reported in the literature33,34 was performed in this study. Here, 
the two-photon excited fluorescence excitation spectra of the samples were compared to that of a 
reference compound, zinc phthalocyanine dissolved in pyridine and CCl4, under identical 
conditions, whose TPA-δ is well known and have been reported in the literature35. To confirm 
the experimental accuracy of this approach, another set of experiments were performed using a 
different reference compound – rhodamine b dissolved in methanol. Two different pulsed-laser 
excitation wavelengths: ~820 nm and ~1200 nm were used for this experiment. The ~820 nm 
excitation beam was obtained using a Kapteyn-Murnane (KM) Lab. Inc. mode-locked 
Ti:sapphire laser pumped by a Millennia diode laser delivering a pulse width of ~47 nm (~21 fs) 
at a repetition rate of 90 MHz, while the ~1200 nm beam was obtained using a Spectra Physics 
Mai-Tai diode-pumped mode-locked laser delivering ~100 fs pulses at a repetition rate of 80 
MHz to a 1.1 – 1.4 µm spec. OPAL optical parametric oscillator (OPO). Beam power from the 
laser was varied using a neutral density filter and focused unto the sample cell (1 cm path, quartz 
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cuvette) using a lens of 11.5 cm focal length and the resultant fluorescence was collected 
perpendicular to the excitation beam. Another lens (plano-convex) with focal length of 2.54 cm 
was used to direct the fluorescence into a monochromator whose output was coupled to a 
photomultiplier tube. During each scan, the monochromator was set to the maximum emission 
wavelength of the sample (where max. photons are generated), and the photons are converted 
into counts by a photon-counting unit. A logarithmic plot of the fluorescence signal versus the 
incident power intensity was performed to confirm if the signal to power intensity relationship is 
indeed quadratic.    
2.5.  Time-Resolved Fluorescence Measurements 
To perform time-resolved fluorescence measurements, the ultrafast fluorescence upconversion 
(UPC) setup was used. The femtosecond UPC spectroscopy technique and setup have been 
described previously and in good detail25,26,36–38. 80 fs pulses at 800 nm wavelength with a 
repetition rate of 82 MHz generated by a mode-locked Ti:Sapphire laser was made to pass a non-
linear β-barium borate crystal. 400 nm excitation pulse was generated, and the residual 800 nm 
beam was made to pass through a computer controlled motorized optical delay line. The 
polarization of the excitation beam was controlled by a Berek compensator. The power of the 
excitation beam varied between 33 to 36 mW. The fluorescence emitted by the sample is 
collected, and then up-converted by a nonlinear crystal of β-barium borate by using the residual 
800 nm beam, which had been delayed by the optical delay line with a gate step of 6.25 fs. By 
this procedure, the measurement of the fluorescence is enabled and can be measured temporally. 
The monochromator is used to select the wavelength of the up-converted beam of interest, and 
the selected beam is detected by a photomultiplier tube (R152P, Hamamatsu, Hamamatsu City, 
Japan). The photomultiplier tube converts the detected beam photons into photon counts, which 
can be read from a computer. Coumarin 30 dye was used for calibrating the laser at different 
collection wavelengths. The instrument response function (IRF) has been determined from the 
Raman scattering of water to have a width of 110 fs. Lifetimes of fluorescence decay were 
obtained by fitting the fluorescence decay profile to the most accurate fit. 
2.6.  Time-Resolved Absorption Spectroscopic Measurements 
In order to investigate the evolution of non-emissive states and dark states of the OPV polymers 
after the emissive states have been studied, time-resolved absorption measurements were 
performed. A known procedure for this setup has been described in the literature39–41. Low 
power, high repetition rate, seed pulses were generated from a Millenia Pro diode – pumped 
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Spectra Physics Tsunami Ti:sapphire oscillator. The seed pulses were fed to an Nd:YLF 
(Empower) – pumped Spectra Physics Spitfire® Ti:sapphire regenerative amplifier which 
generated high power (1 mJ), low repetition rate (1kHz), 800 nm pulses with pulse width of ~100 
fs i.e. 10 nm band width for a Gaussian pulse. A beam splitter was used to split the beam to a 
pump beam (85%) and probe beam (15%). The excitation beam (~400 nm) was generated from 
the pump beam by an optical parametric amplifier (OPA-800C). The probe beam was sent 
through a computer-controlled optical delay line and then focused into a 2 mm sapphire plate to 
generate a white continuum. The white light (smaller diameter) is then overlapped with the 
excitation/pump beam in a 2 mm quartz cuvette containing the sample that is constantly stirred 
by a rotating magnetic stirrer to minimize sample degradation. The polarization of the pump 
beam is set at the magic angle (54.7º) with respect to the polarization of the probe. The change in 
absorbance i.e. the difference between the excited sample and the sample in ground state is 
collected by an Ocean Optics charge-coupled device (CCD) detector connected to a computer, 
and data acquisition and analysis is done using a software from Ultrafast Systems Inc. 
2.7.  Quantum Chemical Calculations  
Theoretical investigations were conducted to explain the experimental absorption and emission 
spectra, and describe the ground state geometries. The photophysical properties of polymers 
should not be based on a single repeat unit, due to the significant coupling between repeating 
units.42 Therefore, the minimum geometry that can include the coupling—a dimer—was chosen 
as a model for the photophysical properties of the polymers. The model structures include methyl 
groups which replace the decyl chains (C10H21) and serve as end groups at the dimer termini. In 
addition, the side chains attached to the nitrogen atoms in the DPP acceptor moieties (dodecyl 
and hexylethyl groups) were truncated to propyl and isopropyl groups, respectively. These 
structural alternations only weakly affect the absorption and emission properties since the low-
lying electronic transitions are known to occur within the π backbone. The ground state 
geometries of each dimer were optimized with density functional theory (DFT), using the 
ωB97X-D functional and 6-31G* basis sets43,44.  
Excited state properties were determined using time-dependent DFT (TD-DFT). The same DFT 
functional and basis set used in the ground state calculations were employed to find the first 
excited state geometries. After excited state optimization using TD-DFT, single point energy 
calculations were performed with a system-dependent, non-empirically tuned ωB97X-D which is 
known to significantly improve the charge delocalization problems in conventional DFT 
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functionals45. These computations provided the absorption energy, fluorescence emission energy, 
and corresponding transition dipole moments. The tuned ω value was chosen to minimize the 
square sum of the difference between HOMO energy and ionization potential (IP), and LUMO 
energy and electron affinity (EA), (ϵHOMO+IP)2+(ϵLUMO+EA)2 of the dimer model. The range-split 
parameter ω is heavily affected by the environment, and the inclusion of solvent dielectric field 
induced a reduction in ω value.46 This process yielded the optimal ω value to be 0.009, 0.007, 
0.007, and 0.009 for NDF-F-C12DPP (P3), NDF-T-EHDPP (P4), NDF-T-C12DPP (P5), and 
NDF-F-EHDPP (P6), respectively, where chloroform (dielectric constant is 4.31) was used as 
the dielectric through a polarizable continuum model.47,48 Characters of excitations were 
described with natural transition orbitals (NTOs)49,50. All simulations were carried out using Q-
Chem 4.051.  
2.8.  Device Performance 
All experiments were performed at the UMass Centre for Electronic Materials and Devices 
(Amherst, MA) under inert conditions, unless otherwise stated. Photovoltaic devices were 
fabricated with a conventional architecture (ITO/PEDOT:PSS/Polymer:PC71BM/Ca/Al). ITO-
coated glass substrates were cleaned by sonication in detergent (MucasolTM), deionized water, 
acetone, and isopropanol, followed by UV-ozone treatment for 15 min. PEDOT:PSS layers 
(CleviosTM P VP Al 4083) were spin-coated (3500 rpm, for 2 min), and annealed at 150°C for 30 
min in air. Polymer:PC71BM active layer solutions were prepared in a blend ratio of 1:1 (15 
mg/mL P1-P3, 20 mg/mL P4) from either CF, or o-DCB with varying amounts of DIO additive 
(0 to 4 vol %), and stirred at 55 °C (CF) or 80 °C (o-DCB) for 48 h prior to spin-coating (2000 
rpm, for 2 min). Films were annealed at 70 °C for 10 min, and placed under vacuum (10-7 mbar) 
for a minimum of 3 h to remove DIO. Finally, Ca (15 nm) and Al (100 nm) electrodes were 
deposited under vacuum (10-6 mbar) by thermal evaporation through a shadow mask, to give a 
device area of 0.06 cm2. Current density-voltage (J-V) characteristics were measured using a 
Keithley 2400 source-meter, and simulated AM1.5G illumination (100 mW/cm2, Newport 
91160), calibrated against a KG5-filtered Si reference cell. 
 
3. RESULTS 
3.1. Synthesis and Characterization 
The synthesis for the polymers is shown in scheme 1.The composition of the conjugated 
monomers was varied to evaluate the impact of heteroatom substitution on the photophysical 
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properties of the resulting polymers. The length of the side chain on each of the co-monomers 
was also varied to improve the solubility and processabillity of the polymers. All of the polymer 
has good solubility in organic solvents such as chloroform and THF allowing for characterization 
using gel permeation chromatography. The details are summarized in Table 2. 
 
Scheme 1. Synthesis of copolymers P1 – P4 
 
 
Figure 1. Structures of the repeat unit of the investigated polymers. A common donor moiety 
naphthodifuran (NDF) is present in all polymers, a furan or thiophene linker serving as a π-
bridge between the donor moiety and the acceptor moiety – diketopyrrolopyrrole (DPP). 
Solubilizing sidechains: 2-ethyl hexyl or dodecyl are attached to the DPP moiety.  
 
3.2. Quantum Chemical Calculations 
O
O
C10H21
C10H21
N
N O
O
X
X
R
R
Herrman's cat.
PivOH (1 eq.)
Cs2CO3
 
(2.5 eq)
tBu3PHBF4
 
(10%)
DMAC
OO
C10H21
C10H21
X N
N X
O
O
R
R
Br
Br
+
P1: X = O, R = n-C12H25
P2: X = O, R = 2-ethylhexyl
P3: X = S, R = n-C12H25
P4: X = S, R = 2-ethylhexyl
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Figure 2. Optimized ground state geometries of NDF-F-C12DPP (P1), NDF-F-EHDPP (P6), 
NDF-T-C12DPP (P3), and NDF-T-EHDPP (P4). Color scheme: carbon atom, gray; hydrogen 
atom, white; oxygen atom, red; nitrogen atom, blue; sulfur atom, yellow. 
The optimized ground state geometries for P1-P4 are displayed in Figure 2 (see SI for the 
corresponding XYZ coordinates). The four structures are nearly planar, with small distortions 
from planarity at the seven rotatable single bonds (three within each monomer and one between 
monomers). Previous works have observed the relationship between the molecular planarity and 
the two-photon absorption cross-section 26,52. The planarity was quantified using the following 
seven dihedral angles (see Figure 8 for graphical description of these dihedral angles and their 
averages): The angle between the donor NDF unit and the linker (𝜑𝜑OCCX, pink and orange in 
Figure 3), between the linker and the acceptor unit (𝜑𝜑XCCN, blue and cyan in Figure 3), between 
the acceptor unit and the linker (𝜑𝜑NCCX, green and light green in Figure 3), and between 
monomers (𝜑𝜑XCCO, red in Figure 3); where X is O or S for the compound containing a furan or 
thiophene linker, respectively. The numerical values for these dihedral angles are tabulated in 
Table 1 below.  
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Figure 3. Dimer structure used for theoretical simulation showing the seven selected dihedral 
angles to measure the molecular planarity. Color scheme for 1st/2nd monomer: pink/orange - 
𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂; blue/cyan - 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑋𝑋; dark green/light green - 𝜑𝜑𝑋𝑋𝑂𝑂𝑂𝑂𝑂𝑂; and connector red - 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂.  
 
Table 1. The numerical values of the dihedral angles across the selected three single bonds in the 
dimer model structures, and the dihedral angle at the junction between monomers. The dihedral 
angles in the second monomer are given in the parenthesis. 
Polymers 𝜑𝜑OCCX 𝜑𝜑XCCN 𝜑𝜑NCCX 𝜑𝜑XCCO 𝜑𝜑avg 
F-C12 (P1) 0.8 (1.1) 20.5 (20.9) 20.4 (8.9) 1.1 12.1 
F-EH (P2) 3.8 (0.7) 27.4 (23.2) 29.9 (23.3) 5.4 18.0 
T-C12 (P3) 5.6 (4.1) 12.5 (19.7) 20.9 (22.3) 3.9 14.2 
T-EH (P4) 10.7 (5.7) 29.7 (29.6) 29.1 (31.7) 13.5 22.8 
 
As expected, the thiophene linkers (T-C12 and T-EH) produce more distortion from planarity 
compared to the furan linkers (F-C12 and F-EH) due to the steric hindrance of the larger sulfur 
atom of the thiophene with the adjacent methyl and carbonyl groups. While the two furan-linker 
compounds achieve an almost perfectly planar conformation (𝜑𝜑OCCX are 0.8°/1.1° and 3.8°/0.7° 
for F-C12 and F-EH, respectively) the thiophene linkers give rise to relatively larger distortion in 
the backbone, yielding torsional angles (𝜑𝜑OCCX) in the first/second monomer as follows: 
5.6°/4.1° and 10.7°/5.7° for T-C12 and T-EH, respectively. For the other two dihedral angles in a 
single monomer unit, 𝜑𝜑XCCN and 𝜑𝜑NCCX, the side chain sterics also produce a clear effect on the 
polymer structure. The bulky, branched alkyl chains of EH significantly interact with their 
neighboring linkers, resulting in larger deviation from planarity compared to those with the linear 
chains (n-C12H25). In addition, the dihedral angle at the junction between two monomers (𝜑𝜑XCCO) 
reflects the bulky side chain effect as well as the heteroatom size effect, with molecule T-EH 
having the largest dihedral angle. The effects of planarity and deviations from planarity on the 
two-photon absorption cross-section will be discussed later on (Section 3.6). 
Figure 4 shows the electron-hole orbitals for the excited states of P1-P4 at the ground state 
geometries, based on NTO analysis (see computational details). In all cases, these orbitals 
represent >95% of the first excited state transition, and therefore provide the dominant excitonic 
character for each compound. In all cases, the hole orbitals are delocalized over all repeating 
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units, and electron orbitals show more localization at acceptor unit, DPP. All repeat units feature 
charge transfer character from the NDF donor unit to the DPP acceptor unit with some 
contribution from local π-π* transition in the main chain. This indicates that there exists some 
form of photo-induced electron transfer from the conjugated backbone to the DPP unit when the 
polymers are photo-excited. 
 
 
Figure 4. Natural transition orbitals of NDF-F-C12DPP (P1), NDF-F-EHDPP (P2), NDF-T-
C12DPP (P3), and NDF-T-EHDPP (P4) for the S1 vertical exciton at the ground state 
geometries. The contribution of each transition is given above the arrow. (Isovalue = 0.05) 
 
3.3. Steady-state Measurements: UV-Vis Absorption 
The UV-Vis (steady-state absorption) spectra for the donor-acceptor polymers in dilute 
chloroform (CHCl3) solution are shown in Figure 5. The steady-state properties are summarized 
in Table 2.  All four polymers showed interesting absorption spectra suitable for organic 
photovoltaics applications.  Both kinds of polymers (with either furan or thiophene units) 
exhibited peaks in the visible region. All four polymers share a common absorption band peak in 
the UV region between ~346 – 353 nm; this is a clear indication of the common donor moiety 
(NDF). The band from 320 nm to 450 nm belongs to the π-π* transition of the main chain 
components, and the lower energy absorption band is attributed to the intramolecular charge 
transfer between the donor and the acceptor of the polymer backbone9,12,53 as will be discussed in 
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this study by time-resolved absorption measurement. By comparing the furan-backbone polymer 
F-EH and the thiophene-backbone polymer T-EH (both have the same solubilizing unit, 
ethylhexyl), F-EH shows a broader and red-shifted absorption band. A similar trend, to a lesser 
degree, is observed in comparing F-C12 and T-C12. This is due to the less steric, smaller-sized, 
highly electronegative oxygen atom 9,54 of the furan relative to the sulfur atom of thiophene.  One 
would conclude that the furan-backbone polymer adopts a more planar geometry [as confirmed 
by the optimized ground state geometry calculations performed]. Measurements of the linear 
absorption were also carried out in the solid state, by making thin films of the amorphous 
conjugated polymers. The results of the linear absorption spectra for the films are shown in 
Figure S1 of the SI. For the polymers with a thiophene-backbone, the solid-state spectra and the 
chloroform-solution-based spectra were similar in both spectral width and λmax.  However, for 
the furan containing conjugated polymers there was a broader and slightly red-shifted (~10 nm) 
spectra obtained. This redshift is indicative of more aggregation (or molecular backbone 
packing) and possibly stronger intramolecular interaction.  
Shown in Figure 5a inset is the molar absorptivity per monomer (εmonmr) done using sample 
concentration in the range 3E-7 to 3E-6 M. The highest absorptivity per monomer with respect to 
the individual solubilizing unit is ascribed to the furan-backbone polymers, and this is in 
accordance with previous studies 26,28. For the thiophene-backbone polymers, low absorptivity in 
the visible and near-IR region may be attributed to the poor intramolecular charge transfer 
between the donor NDF and the acceptor DPP through the thiophene π-linker. This is clearly 
observed in the case of T-EH where the bulky side chains further prevents adequate π-stacking 
for charge transfer. 
In a previous study of similar D-A functional system by Vazquez et al 26 and Kobilka et al 28, the 
presence of two extra thiophene units with the BDF and DPP moieties induced a higher degree of 
bathochrochromic shift (~60 nm) in comparison to these polymers with only an additional 
benzene (i.e. NDF unit). This illustrates that effective conjugation length can be increased by the 
inclusion of an electron donor moiety like thiophene and at the same time achieving higher 
electron density, in contrast to the addition of just benzene to enhance conjugation length. 
Similar molar extinction coefficient per monomer was obtained (~104 M-1cm-1) in both systems 
with the furan- displaying higher absorptivity in comparison to the thiophene-backbone polymers 
in both study. The higher energy band displayed smaller absorptivity values compared to the 
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lower energy band, but this wasn’t the case in this study. This could be tied to poor coupling 
between the NDF and DPP units hence lower probability for effective charge transfer. 
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Figure 5. Steady state spectra of the polymer molecules in dil. CHCl3 solution at 295K. a. 
Absorption, inset is Molar Extinction Coefficient of one monomer unit b. Normalized Emission 
spectra excited at 400 nm. 
 
3.4. Steady-state Measurement: Fluorescence Emission 
The emission spectrum for the four investigated polymers is shown in Figure 5. These 
measurements were also carried out in chloroform solutions.  The spectra show two core peaks in 
each polymer obtained after exciting at three different wavelengths: 350, 380, and 400 nm.   
Each polymer exhibited emission at ~460 nm and ~640 nm when excited at 400 nm.  However, 
one notices that for the case of F-C12 there is considerably more structure in the emission spectra 
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with a shoulder in the band in the 620 nm region.  This shoulder peak is not resolved in the 
spectra for the other polymers under similar experimental conditions.  Exciting at ~550 nm 
however yielded only the second emission peak (Figure S2), clearly indicating that only the DPP 
part of the molecule was excited, therefore the second emission peak can be allotted to the 
acceptor part of the molecule. The first emission peak for all polymers can be attributed to the 
common donor – NDF as all possess strongly emitting 350-500 nm band 55,56. Table 2 contains 
all the emissive peaks as observed in the spectra. Stokes shift (Estokes) was lower in the furan-
backbone polymers. Owing to weak coupling of the NDF and DPP moieties, the emission 
primarily stems from both components of the molecule. The fluorescence quantum yield (ΦF) of 
the polymers is given in Table 2. A high ΦF of 73% was obtained for F-C12.  A significantly 
smaller quantum yield was obtained for T-C12 for the same side chain group but with different 
core group.  This was surprising that the furan with alky side chains would be more than an order 
magnitude different in quantum yield. As mentioned previously, one of the attractive 
characteristics of the furan containing polymers is their relatively good solubility.  Also, as 
discussed previously from molecular weight data, the molecular weight from soluble conjugated 
polymers was relatively high for the furan containing polymers in comparison to the thiophene 
systems. Generally, the less soluble higher molecular weight fractions when synthesized have 
difficulty in obtaining accurate quantum yield results.  We do not expect that to be the case here 
where the polymers solubility and molecular weights were verified.  This leaves a considerable 
effect of the side chain on the actual fluorescence quantum yield of the conjugated polymers 
studied in this investigation. 
Comparing the fluorescence spectra for similar structures like those in this study as obtained by 
Vazquez et al26, only one intense spectra peak is observed for all four BDFTh-X-DPP polymers 
regardless of the excitation wavelength. The emission spectra they obtained was also 
independent of the side chain, and the peak emission of the polymer with thiophene-backbone 
was slightly red-shifted. The ΦF was greatest in the furan-linked polymer in comparison to the 
thiophene for the two side chains considered, however the highest PCE was still obtained by the 
furan-linked compounds. In this study however, excluding F-C12, polymers with thiophene 
backbone displayed higher ΦF. This goes to say that as much as exciton relaxation by 
fluorescence (high ΦF) opposes non-radiative relaxation processes in organic photovoltaic 
compounds, those other non-radiative members such as charge transfer, internal conversion, and 
conformational changes, need to be quantified to ascertain their contribution to the overall 
efficiency. 
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Table 2. Summary of the Steady State Optical properties, and Two Photon Absorption cross-
section (TPA-δ) of all four polymers at ambient temperature. 
Polym. Mw (kDa) 
DPn  
λabs (nm) soln 
a 
λabs (nm) 
film 
εmonmr (M−1cm−1) λem (nm) a Estokes (cm-1) ΦF (-) δ (GM) 
F-C12 45.7 41 600, 651* 608, 670* 27937 461, 624, 675* 641 0.734 25.33 
F-EH 47.9 37 600 610 7585 463, 643 1114 0.042 6.30 
T-C12 52.4 38 576 578 25721 463, 627 1412 0.085 9.03 
T-EH 57.7 44 578 578 2035 462, 650 1916 0.109 5.69 
* shoulder peak, a the underlined peaks were used to compute the stokes shift. 
 
3.5. Electrochemistry 
Finally, the electrochemical properties of the four polymers were investigated, and the result of 
the cyclic voltammetry is summarized in Figure 6. Similar electrochemical properties were 
observed for the furan and thiophene-based polymers as earlier reported by Jeffries-El et al 16,28. 
The HOMO energy levels ranged between -4.9eV and -5.1eV, and the LUMO levels ranged 
between -3.4 and -3.5eV; the high lying HOMO level is due to the presence of a much stronger 
electron donating effect than withdrawing, resulting in a low Voc. The experimentally obtained 
electrochemical energy band-gap (EgEC) were compared to the computed optical energy band gap 
(Egopt) estimated from the onset absorption edge of the polymers in the thin film, and a slight 
difference is observed as described in Figure 6. Effective conjugation was obtained in all four 
polymers as indicated by the optical band gap of all the polymers within 0.1eV confirming a 
previous study28 that the replacement of the thiophene π-bridge with furan (flanking the DPP 
monomer) only has a negligible influence on the electrochemical properties, whilst the 
replacement of sulfur atoms of BDT (in this case NDT) with oxygen atoms to give BDF (in this 
case NDF) has a slight impact on the electronic properties 
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Figure 6. HOMO-LUMO electronic (outer) and optical (inner) energy levels of the polymer 
samples. 
3.6. Two Photon Excited Fluorescence (TPEF) 
TPEF measurements were carried out to determine the TPA cross-section (TPA-δ) of the four 
polymers. TPA cross-section is ‘somewhat’ like the molar absorptivity of a two-photon excited 
measurement, and is directly correlated to the charge transfer property of the molecule. The 
TPA-δ of a molecule is strongly dependent on the π-conjugation length of a system (at least until 
conformational planarity is lost), and hence is dependent on the number of π electrons33,57. Two 
of the four polymers were excited by the 820 nm femtosecond light pulse from the KM laser, but 
only one-photon absorption was observed, evident from the slope of ~1 obtained by the power 
scan as shown in Figure S3, indicating that the intensity of the TPEF signal does not increase 
with the square of the laser intensity (i.e. no quadratic power dependence). This is so because at 
this wavelength, the probability of a two-photon excitation is quite low relative to the one-photon 
excitation as clearly observed in the absorption spectrum (Figure 5a).  To this regard, 1200 nm 
light pulse from a Spectra Physics optical parametric oscillator was used for excitation, TPA was 
observed for all four polymer samples as illustrated by the quadratic power dependence shown in 
Figure 7b, and the TPA-δ was computed and is presented in Table 2. Similar TPA-δ was 
obtained when a different experimental reference solution (rhodamine-b) was used validating the 
accuracy of this approach. 
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Figure 7. a) Two-Photon excited fluorescence spectra, b) Fluorescence signal intensity 
dependence on average power (pulse intensity), for all four polymers dissolved in chloroform 
upon 1200 nm pulsed excitation. 
The slight deviation from obtaining an exact slope of 2 has been attributed to several processes 
such as excited state absorption (ESA), stimulated emission, and TPEF saturation34,58. It is 
believed in this study to be as a result of TPEF saturation due to the use of slightly high pulse 
intensities. Two-photon wave scans were performed within 610-800 nm (Figure 7a) spectral 
width using the TPA setup, and an emission spectra similar to that of the one photon 550 nm 
excitation (Figure S2) from the spectrofluorometer was obtained within the same spectral width 
but with a slight red shift due to the poor sensitivity of the photomultiplier for the TPA setup 
beyond ~650 nm; this suggests that the achieved singlet S1 state responsible for the fluorescence 
is the similar for one-photon and two-photon excitation. The trend in the TPA-δ for the furan and 
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thiophene linkers given in Table 2, for 1200 nm excitation, is concurrent with that observed in 
Figure 5a inset for the one-photon absorptivity achieved per monomer at 600 nm i.e. F-C12 (P1) 
> T-C12 (P3) and F-EH (P2) > T-EH (P4). The shorter and bulky solubilizing side chain – EH 
induces more steric hindrance compared to the longer and less bulky dodecyl side chain. Studies 
have shown that reducing steric hindrance caused by non-conjugated side chains aids in 
improving inter-chain π-π stacking59, and this can be confirmed in this study with the polymers 
containing the dodecyl side chains – P1 and P3 –  as having a higher TPA-δ compared to those 
with EH side chains – P2 and P4. This is because the inter-chain π-π stacking corresponds to the 
charge transfer property of organic materials. It is also crucial to note that the polymers with 
furan-backbone displayed a higher TPA-δ compared to those with a thiophene-backbone of the 
same side chain i.e. P3 (thiophene-based) yielded a TPA-δ of 9.03 GM while P1 (furan-based) 
yielded a TPA-δ of 25.33 GM which is about three-times the cross-section of P3, and P4 
(thiophene-based) yielded a TPA-δ of 5.69 GM while P2 (furan-based) yielded a TPA-δ of 6.30 
GM. This has been attributed to the fact that the presence of furan in a copolymer backbone 
enhances the coplanarity of the conjugated structure, as confirmed by optimized geometry 
calculation performed in this study, and this is because the oxygen atom has less diameter than 
the sulfur atom, is more electronegative and has a larger dipole moment7. With a planar structure, 
promoted π-stacking is encouraged, desirable for higher charge carrier mobility for furan-based 
relative to thiophene-based copolymers8,16,60. 
According to a recent study of similar D-A copolymers, DFT calculations showed that polymers 
with furan as a linker showed lower dihedral angles between the donor and acceptor moiety 
compared to those with a thiophene linker26, and this was then correlated with the TPA-δ to 
which a linear relationship was obtained. The furan linked copolymers showed higher TPA-δ 
compared to the thiophene linked copolymers. The same result was obtained in this study in 
which the furan displayed a higher degree of planarity (Figure 8), and hence a higher TPA-δ 
compared to the thiophene-backbone compound. The BDFTh-X-DPP polymers studied by 
Vazquez et al26 generally yielded higher TPA-δ compared to the those studied here. This could 
be attributed to the extra two thiophenes present in their structure contributing to its increased 
charge density as well as increased effective conjugation length, and hence higher TPA-δ. 
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Figure 8. Correlation between the TPA cross-section and the individual dihedral angles in (b) 
1st monomer (c) 2nd monomer, of the dimer in (a) above as color coded; (d) represents the 
average dihedral angle of P1-P4. Color scheme for 1st/2nd monomer: pink/orange - 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂; 
blue/cyan - 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑋𝑋; dark green/light green - 𝜑𝜑𝑋𝑋𝑂𝑂𝑂𝑂𝑂𝑂; and connector red - 𝜑𝜑𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂. Respective 
shapes are represented in the legend. 
 
3.7. Time-Resolved Fluorescence Measurements 
(a) 
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Ultrafast decay time-resolved fluorescence measurements were performed to determine the 
fluorescence lifetime of the excitons using an upconversion setup as explained in the 
experimentation section above. All the polymer samples were excited by a laser beam at 400 nm, 
and emission detection was carried out in the regions: 460-480 nm and 630-670 nm. For both 
emission peaks, it was found that there are two emitting components present (the NDF and DPP), 
hence a bi-exponential fit of the data is performed for both long and very short scans to 
determine the decay time for both components. The lifetimes for both components (τ1 and τ2) are 
given in Table 3 in the order of picoseconds (ps). Figure 9 shows the decay dynamics of all four 
polymers in short timescales. A common observable in all four systems is the absence of excited 
state energy transfer evident from the absence of a rise-time in the decay dynamics. The 
polymers with the furan-backbone polymer showed a longer lifetime dynamics relative to the 
thiophene-backbone polymer for the long-time component (τ2). This explains the hypothesis of a 
long living exciton in the furan-backbone polymer in comparison with the thiophene-backbone 
polymer. For molecules with the same backbone, polymers with solubilizing component –C12 
showed a longer lifetime relative to polymers with –EH side chain. This further strengthens the 
benefits of the longer and less bulky alkyl-side chain molecules having a longer lifetime 
compared to shorter and more bulky side chain molecules. The fast initial decay component (τ1) 
was not affected by the linker/π-bridge component nor the side chain, this is evident from the 
similar values obtained ~0.2 – 0.5 ps, but the longer decay component was sure dependent on the 
π-bridge. This may be due to confirmed presence of the same moiety – NDF in all the studied 
molecules, with the thiophene or furan π–bridges associated with just the DPP moiety in the 3- 
and 6- position. Very similar experimental finding was obtained in a study by Vasquez et al26 
where the same bridge-acceptor moieties (T-DPP and F-DPP) were used. They discovered that 
the copolymers with furan as linker showed longer fluorescence lifetime dynamics relative to the 
thiophene-linked copolymers. They also discovered that side chain plays a role in determining 
the fluorescence lifetime of polymers. Two emission peaks were also probed in the study, and 
the higher energy peak (525 – 560 nm) yielded almost the same lifetime for all the polymers 
studied regardless of linker or side chain. This could also be attributed to the same donor moiety 
– BDF they all had in common. The fluorescence lifetimes obtained by Vasquez et al26 were 
generally smaller than those obtained here for the same linker and sidechain. This could be 
attributed to more twists and kinks (thereby serving as fluorescence traps) present in their 
structures as observed from the DFT calculation. The molecule with a larger dihedral angle 
(copolymer with thiophene backbone ~ 28º) showed faster decay dynamics, and similar trend is 
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also observed in this study where the mostly planar furan-backbone molecule showed longer 
lifetime. 
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Figure 9. Fluorescence upconversion decay data of polymers at 400 nm excitation and 630-670 
nm emission. 
 
Table 3. Time-Resolved Fluorescence lifetimes of all four polymers with the emission 
wavelength at which they were monitored. 
Polymer Backbone Substituent τ1 (ps) / λem (nm) τ2 (ps) / λem (nm) 
F-C12 (P1) Furan -C12 0.490 / 461 995.79 / 626 
F-EH (P2) Furan -EH 0.226 / 477 828.53 / 654 
T-C12 (P3) Thioph -C12 0.286 / 463 369.21 / 638 
T-EH (P4) Thioph -EH 0.496 / 461 294.75 / 672 
 
3.8. Time-Resolved Absorption Spectroscopic Measurements  
Investigating the fast relaxation of the non-emissive as well as the dark states of the OPV donor 
polymers, transient absorption pump-probe technique was used. The ~400 nm pump beam (~100 
fs width) was used to excite the sample dissolved in chloroform and the probe spanned the range 
420-800 nm. The spectral difference in optical density (ΔA) was measured at different time delay 
between the pump and probe. Figures 10 and 11 shows the 3D transient spectra and the time-
resolved absorption spectra respectively for all four polymers. All polymers showed both high 
energy (450-535 nm band) and low energy (660-790 nm band) Sn←S1 transitions in the spectral 
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window ~400-800 nm indicative of excited state absorption (ESA). With the exception of T-EH 
(P4), ground-state bleaching in the 510-675 nm region was also observed for all the investigated 
polymers. The ground-state bleaching exhibited by all the polymers matched the low energy 
band of their steady state absorption. P4 interestingly showed a positive ΔA signal, indicative of 
ESA, for all wavelengths clearly depicting the lower population of the ground state compared to 
the excited state population of the polymer at all delay time. This can be predicted at a glance 
from the molar extinction plot of Figure 5a inset in which P4 displayed an almost flat spectra 
indicative of a low ground state population. For F-C12 (P1), the shoulder peak at 550nm became 
more pronounced in this measurement unlike in the steady state measurement because of the 
unique detection and resolution ability of this setup. The ground state bleaching present in all 
polymers (except P4) can be associated with the formation of a charge transfer state as earlier 
stipulated in the steady state analysis between the NDF and the F-DPP/T-DPP moieties, and is 
clearly represented in Figures 10 and 11. The transient absorption result confirms the extremely 
low probability of energy transfer as a non-radiative mechanism for all the analyzed polymers 
due to the absence of rise time observed for the non-emissive states as shown in Figure 12, and 
also due to the absence of stimulated emission from their acceptor moiety. For each of the 
polymer analyzed in this study, for each time delay, no spectra shift was observed indicative of 
the fact that the polymer’s crystallinity is intact, and was specifically excited by the ~400 nm 
beam. It should also be pointed out that the signal overtones in the region between 675 nm and 
790 nm are due to the instability of the white light hitting the CCD detector in this setup. 
A unique trend in the spectra at various delay time was observed for all four polymers. There 
was an increase in signal (ΔA becomes more positive for the ESA peak and more negative for 
the bleaching peak) observed in all the peaks until 1.5 ps, after which the signal decreases 
reaching a certain level at ca. 1ns – the maximum time limit of the transient set-up. This long 
lifetime could be indicative of the existence of a triplet state resulting from intersystem 
crossing61,62 – owing to the carbonyl group in the DPP unit (El-Sayed rule63) – as a 
recombination pathway. More details can be obtained experimentally by performing near steady-
state photoinduced absorption spectroscopy. A common deconvolution technique – single value 
decomposition (SVD) was used to perform global fit analyses of the transient data, in which 
linearly independent vectors (scaled by numbers) were employed to separate the various 
contributions to the data. Global analysis of the collected data for all samples revealed in all 
cases the presence of two components having two exponential lifetimes – few picoseconds (τ1) 
and ~1 nanosecond (τ2). Data is shown in Table 4 and plotted in Figure S4. The longer 
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component can be associated with the excited state dynamics coupled with the fluorescence 
component of the species, and the shorter component can be associated with the photo-induced 
charge transfer character of the molecules. Figure S4 inset represent the signal amplitude vs. 
wavelength plot of the four polymers respectively, it shows the transient absorption spectrum at 
the two global fit decay-time of the polymers in CHCl3 and is similar to the steady state 
absorption spectra obtained using the spectrophotometer confirming the viability of the obtained 
global fit. At each non-emissive peak wavelengths (ESA ~500 nm and ~750nm, bleach ~600 
nm), target analysis were also performed. Results are shown in Table 5; and fits shown in Figure 
13. At the ESA λmax (i.e. 500nm and 750nm) for all the samples, the fast decay component of the 
excited state was monitored to obtain an idea about their excited state lifetimes. The furan-
backbone structures displayed longer lifetimes compared to the thiophene-backbone compounds 
at the ~500 nm ESA λmax, and the same trend is observed for the ~750 nm ESA λmax except for 
compound T-EH (P4). This may be due to the absence of ground state bleaching for P4, hence 
an observed population increase in the excited state at 750nm. At the respective bleach λmax of 
the polymers, the fast relaxation dynamics was also performed to estimate the lifetime of their 
bleach state. Longer lifetime was also observed by the furan-backbone donor polymers relative 
to their thiophene counterpart, and longer lifetime was observed for the bulky side-chain donor 
polymer relative to the linear side-chain compound. 
Table 4. Global fit lifetimes of all four polymers using the single value decomposition (SVD) 
technique. 
Polymer Backbone Side chain τ1 (ps) τ2 (ps) 
F-C12 (P1) Furan -C12 10.44 ± 1.89 771.2 ± 34.02 
F-EH (P2) Furan -EH 20.15 ± 1.61 1543.4 ± 216.39 
T-C12 (P3) Thiophene -C12 5.55 ± 1.03 723.6 ± 162.60 
T-EH (P4) Thiophene -EH 8.87 ± 0.62 1191.6 ± 97.15 
 
Table 5. Target analysis for all four polymers at ESA (~500nm, ~750nm) and Bleach 
wavelengths (~600nm). 
Polym. ESA1  λmax τ (ps) ESA2  λmax τ (ps)  Bleach  λmax τ (ps) 
F-C12 (P1) 500 nm 45.10 ± 22.41 750 nm 111.06 ± 10.64 600 nm 9.85 ± 2.11 
F-EH (P2) 500 nm 69.10 ± 20.63 750 nm 26.51 ± 3.16 600 nm 31.36 ± 7.23 
T-C12 (P3) 491 nm 2.42 ± 0.46 758 nm 19.78 ± 0.10 580 nm 7.85 ± 0.59 
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T-EH (P4) 505 nm 15.40 ± 3.87 760 nm 34.14 ± 3.56 - - 
 
 
 
Figure 10. 3D data of the Transient absorption measurement of a. NDF-F-C12DPP (P1) b. 
NDF-F-EHDPP (P2) c. NDF-T-C12DPP (P3) d. NDF-T-EHDPP (P4) clearly showing how 
the spectra changes over time. 
 
 
 
  
a. b. 
c. d. 
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Figure 11. Time-Resolved absorption spectra of: a. NDF-F-C12DPP (P1), b. NDF-F-EHDPP 
(P2), c. NDF-T-C12DPP (P3), d. NDF-T-EHDPP (P4), obtained by femtosecond resolved 
transient absorption. 
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Figure 12. Decay kinetics of: a. NDF-F-C12DPP (P1), b. NDF-F-EHDPP (P2), c. NDF-T-
C12DPP (P3), d. NDF-T-EHDPP (P4), obtained by femtosecond resolved transient absorption 
measurement 
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Figure 13. Target analysis at a) ESA2 wavelength (ca. 750nm), and b) at bleach wavelength (ca. 
600nm) for all polymers. 
 
3.9. Device Performance 
The photovoltaic performance of the polymers was investigated in bulk heterojunction OPV 
devices fabricated in a conventional configuration (ITO/PEDOT:PSS/Polymer:PC71BM/Ca/Al), 
and measured under simulated AM1.5G illumination at 100 mW/cm2. For initial testing, polymer 
active layers which consisted of a donor:acceptor blend ratio of 1:1 (15 mg/mL P1-P3, 20 
mg/mL P4) were spin-coated from either chlorobenzene or o-dichlorobenzene, with varying 
amounts of 1,8-diiodooctane additive (DIO) and annealed at 70 °C for 10 min. All of the 
polymers had limited solubility in both solvents, which made producing concentrated solutions 
difficult. Although various conditions were evaluated, we were unable to obtain active layers 
thicker than 20 nm.  In general, thicker layers (~200 nm) are better because they absorb more 
light. As a result, the performance of the devices were low. The fabrication conditions and key 
parameters: fill factor (FF), short-circuit current density (Jsc) and Voc are summarized in Table 6, 
and current density-voltage (J-V) plots of the best performing devices are shown in Figure 14. 
Initially, we focused on devices spun from o-DCB, but also tried chloroform without the use of 
an additive. Gratifyingly, a slight improvement in power conversion efficiency was observed for 
all polymers under these conditions. Overall, F-EH (P2) exhibited the highest PCE at modest 
0.54%. While the performance of these devices is low, this is typical with new systems. We 
anticipate that the performance can be dramatically improved by optimization of processing 
parameters, which is currently underway. 
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Figure 14. J-V curves of the devices under the illumination of AM 1.5G, 100 mWcm-2. 
 
Table 6. Peak OPV Device Characteristics 
Polymer Vol % DIO Jsc [mA/cm-2] Voc [V] FF PCE [%] 
F-C12 (P1) 0 0.72 0.62 0.41 0.18 
 0.5 0.75 0.25 0.29 0.05 
 2 0.97 0.70 0.39 0.26 
 4 0.24 0.12 0.27 0.008 
 CHCl3‡ n/a n/a n/a n/a 
F-EH (P2) 0 0.61 0.46 0.39 0.11 
 0.5 0.81 0.50 0.37 0.15 
 2 0.36 0.26 0.31 0.03 
 4 0.36 0.48 0.40 0.07 
 CHCl3 1.90 0.68 0.42 0.54 
T-C12 (P3) 0‡ n/a n/a n/a n/a 
 0.5 1.18 0.47 0.39 0.22 
 2 0.88 0.42 0.37 0.13 
 4 1.45 0.45 0.34 0.22 
 CHCl3 1.87 0.47 0.24 0.21 
T-EH (P4) 0 1.95 0.57 0.40 0.45 
 0.5 2.22 0.54 0.32 0.38 
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 2 1.76 0.47 0.28 0.24 
 4‡ n/a n/a n/a n/a 
 CHCl3 1.80 0.66 0.35 0.42 
†Conventional devices (ITO/PEDOT:PSS/Polymer:PC70BM/Ca/Al). Polymer active layers were spin-coated at 2000 
rpm for 2 min, from the respective solution (20 mg/mL) in a blend ratio of 1:1, and annealed at 70 °C for 10 min.  
‡All devices shorted. 
 
4. DISCUSSION 
In the study of structure-functional relationship of organic photovoltaic materials, the use of 
specific heteroatoms (especially chalcogens) to tune the properties of the conjugated polymers 
has been widely employed9,12,17,18,64. Different side chain configurations have also been tried out 
to evaluate the polymer’s processability, if eventually made into films7,19,29,64,65. In this study, 
four new NDF-based donor OPV polymers were synthesized, their photophysical and electronic 
properties analyzed to determine the functional-effect of a furan/thiophene heterocyclic molecule 
serving as a π–linker between the donor and acceptor moieties of the compound, as well as the 
effect of linear vs bulky sidechains on these properties. The polymers with furan backbone 
displayed higher absorptivity (molar extinction coefficient); extinction coefficient has been 
shown to be directly related to the absorption efficiency (ηA)66,67, and the absorption efficiency is 
proportional to the external quantum efficiency, and hence to the power conversion efficiency 
(PCE). In making the polymers into thin films, the absorptivity of thiophene-backbone 
compound was similar as to in chloroform solution, however owing to a higher degree of 
molecular planarity, the furan backbone compound displayed a broader, slightly red-shifted 
spectra in thin film than in solution, and this can be associated to increased aggregation and 
molecular backbone packing. The planarity of a conjugated polymer, which can be achieved by 
decreasing the steric hindrance between adjacent polymer backbone units, has also been shown 
to enhance their molecular absorptivity10. 
The polymers displayed two broad emission peaks. NDF is reported to emit in the 350 – 500 nm 
region23,55, and since this is the common donor moiety present in all four polymers, the first peak 
has been associated with this moiety. However, weak coupling between the NDF and DPP 
moiety resulted in this bimodal spectrum, indicative of emission occurring from both 
components. This could support the absence of energy transfer that was not observed in any of 
these compounds. The theoretically calculated absorption and emission wavelengths were in 
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close agreement to the experimentally determined wavelengths to the nearest 0.15eV (Table S1). 
The hole NTOs show the delocalization along the entire backbone of the dimer model, while the 
electron NTOs show localization at the DPP moiety, indicative of the existence of some form of 
photo-induced electron transfer from the conjugated backbone to the DPP unit when the 
polymers are photo-excited. For the thiophene-backbone polymers, fluorescence quantum yield 
was slightly higher for the bulky side chain compound relative to the linear counterpart, and this 
could be attributed to reduced aggregation when a bulkier side group is used. Comparing the 
fluorescence quantum yield values for the same EH side chains, the furan backbone compound 
displayed a lower quantum yield in comparison to the thiophene backbone compound. This can 
be attributed to lesser intermolecular packing owing to larger sulfur atom size of the thiophene, 
thereby restricting molecular aggregation. 
The nonlinear TPA cross-section was measured at 1200 nm utilizing the TPEF technique. The 
results show that for the same side chain, the furan-backbone compound displayed a higher TPA 
cross-section relative to its thiophene counterpart, indicating better charge transfer, and hence 
better charge separation with an acceptor compound. The results of the theoretical calculations 
show that the polymers with furan-backbone have lower dihedral angles between the donor 
moiety and the linker (𝜑𝜑OCCX), and between the linker of one monomer to the donor moiety of 
another (𝜑𝜑XCCO) as shown in Figure 8 and Table 1, thus making them more planar compared to 
their thiophene analogues. Owing to the enhanced steric hindrances induced by the shorter, bulky 
side chain – EH thereby leading to poor inter chain π-π stacking, lower TPA cross-section was 
observed for compounds containing this bulky side group compared to those with the linear 
dodecyl side group. These results were also supported by the findings from the theoretical 
calculation which showed that the compounds with EH side chains possessed higher dihedral 
angles between the linker and the DPP moiety, onto which the side chain is attached 
(𝜑𝜑XCCN,𝜑𝜑NCCX), compared to its counterparts with linear dodecyl side chains. The low TPA-δ 
obtained in this study in comparison to that obtained in a previous study of similar structures by 
our group 26 can be linked to the broader one-photon film absorption band obtained here hence 
limiting the accessible window for TPEF measurement, and can also be tied unarguably to the 
poor coupling between the donor and acceptor moieties of the copolymers limiting effective 
charge transfer. It has been studied and reported that the TPA-δ correlates with: (i) the π-
conjugation length of the system33,41, (ii) the nature of the π-bridge between a donor and an 
acceptor moiety, and (iii) the structural conformation33. The four polymers analyzed in this study 
have the same number of π-electrons per monomer (measures the length of a π-system), hence 
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this basis cannot be used to discuss the differences in their TPA-δ. The other two criteria i.e. the 
nature of the π-bridge (in this case furan or thiophene) and the structural conformation (including 
the effects of the solubilizing side chain), both play a synchronous role in explaining the TPA-δ 
obtained herein.  
Longer fluorescence lifetime was obtained for the polymers having a furan linker relative to 
those linked with thiophene for both solubilizing side chains, and this explains the idea of longer 
living excitons in the furan linker polymers in comparison to the thiophene compounds. For both 
furan and thiophene-linker compounds, those with the linear solubilizing sidechains showed a 
slightly longer lifetime relative to those with bulky sidechains. These results as well as those 
obtained from a previous study of similar OPV polymers26 could be interpreted from the 
standpoint of the lower fluorescence lifetime being observed in compounds with larger torsional 
angles in between their respective atoms (𝜑𝜑OCCX,𝜑𝜑XCCN,𝜑𝜑NCCX). These torsions serve as exciton 
traps which inhibit the steady movement of excitons thereby leading to shorter fluorescence 
lifetimes. The radiative decay rate (Г) is proportional to the cube of emission energy and the 
square of the corresponding transition dipole moment (µtr)52,68; from the results of the theoretical 
calculation in Table 7 below the furan-linker compounds showed smaller transition dipole 
moments relative to the thiophene-linker compounds hence confirming observed longer lifetime. 
 
Table 7. Predicted emission energy (ΔE, eV) and transition dipole moment (μtr, D), and rate of 
radiative decay (Г, arbitrary unit), and the ratio of radiative decay lifetime (τrad=1/Г) of all four 
polymers using dimer model structures. 
Polymer ΔE  μtr  Г  Ratio of τrad 
F-C12 (P1) 1.86 8.088 418.00 1.11 
F-EH (P2) 1.88 7.906 414.23 1.12 
T-C12 (P3) 1.78 9.048 463.84 1.00 
T-EH (P4) 1.82 8.756 464.74 1.00 
 
The investigation of the non-emissive states of the polymers revealed interesting trends. All the 
polymers with an exception of T-EH (P4) exhibited both ground-state bleaching (perfectly 
matching their respective steady-state absorption spectra) and ESA in two regions of the studied 
spectrum width. The ground state bleaching in the polymers may be attributed to the decrease in 
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excited state population owing to charge transfer to a CT* state. For P4, this CT* state is 
quiescent hence leading to the absence of ground state bleaching, but instead an increased 
population of the excited states. This may be related to the reason P4 displayed the lowest TPA-δ 
as well as the lowest molar extinction coefficient among all the studied polymers. Target analysis 
to determine the excited state lifetimes at the 500 nm ESA wavelength showed furan backbone 
compounds having longer decay time; also at their respective bleach wavelengths, longer decay 
time was once again associated with the furan-containing compound relative to the thiophene-
backbone compound.  
 
5. CONCLUSION 
Four novel D-A polymers were designed and synthesized whose structure was based on NDF as 
the donor moiety and X-DPP as the acceptor, where X (furan or thiophene) serves as the linker 
between the NDF and DPP moieties, and two different alkyl side chains attached to the DPP unit. 
The effect of the chalcogenic heteroatom – furan and thiophene, as well as the alkyl solubilizing 
side chains – ethylhexyl and dodecyl on the optical, electrochemical, and photovoltaic properties 
have been investigated. The compound with furan in its backbone exhibited a higher extinction 
coefficient relative to their thiophene counterpart; and in film showed a broader absorption 
spectra. The HOMO and LUMO levels were similar for all the molecules confirming the 
independence of the heteroatom and side chain on the electrochemistry of polymers. The results 
of the DFT calculation confirms the higher degree of molecular planarity present in the furan-
backbone compound compared to the thiophene-backbone compound owing to the smaller sized 
oxygen atom, and higher electronegativity. The experimentally obtained TPA-δ is almost linearly 
correlated to the DFT obtained dihedral angles indicating a direct relationship between molecular 
planarity and the ability of the molecules to absorb two-photons, and consequently the effective 
charge transfer property of the material. Time-resolved ultrafast measurements show longer 
exciton lifetime for furan-containing compounds relative to the thiophene-containing structure 
attributed once again to the lower dihedral angle, hence the absence of molecular traps and kinks. 
The larger molar absorptivity by the polymers with furan backbone could lead to the generation 
more excitons, and consequently the increased density of charge carriers; the longer fluorescence 
lifetime can be highly resourceful for obtaining longer living excitons over the diffusion length 
of the material, however furan containing conjugated polymers are still rare in comparison to 
their thiophene counterpart despite the research attention on furan derivatives. These result in 
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concordance to previous study of similar structures stresses once again the productive impact of 
replacing thiophene donor-acceptor linkers with furan-linkers on the photophysical properties, 
and ultimately the PCE of light harvesting conjugated polymers.   
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